Background Osteolysis is a major mode of hip implant failure. Previous literature has focused on the amount of polyethylene wear comparing highly crosslinked polyethylene (HXPLE) with conventional liners but has not clarified the relative incidence of osteolysis with these two liners. Questions/purposes We determined (1) the incidence of osteolysis in HXLPE versus conventional polyethylene (CPE), (2) the ability to detect and evaluate the size of lytic lesions using radiographs compared with CT scans, (3) head penetration in hips without and with lysis, and (4) determined whether acetabular position, head size, and UCLA activity score contributed to lysis. Methods We compared head penetration and osteolysis on plain radiographs and presence and volume of osteolysis on CT scans in 48 patients with HXLPE (mean, 46.5 years) and 50 patients with CPE (mean, 43.2 years). The minimum followup was 5 years (average, 7.2 years; range, 5.1-10.9 years), Results Osteolysis was apparent on CT in a larger number of patients with CPE liners than HXLPE liners: 12 of 50 (24%) versus one of 48 (2%), respectively. We found no correlation between head penetration and volume of osteolytic lesions. Head penetration was greater in patients with osteolysis. Smaller head sizes were associated with greater wear and those with osteolysis had smaller head sizes; however, there was no difference in acetabular component position or UCLA activity in those with lysis compared with those without. Conclusions HXLPE diminished the incidence of osteolysis, but the lack of correlation between penetration and volume of osteolysis suggests other factors other than wear contribute to the development of osteolysis. Level of Evidence Level III, therapeutic study. See Guidelines for Authors for a complete description of levels of evidence.
Introduction
Osteolysis resulting from wear debris is a major problem in patients with THA because it can lead to bone loss and eventual loosening of the prosthesis requiring revision surgery [5] . Depending on the implant used, estimations ranging from 7% to 70% of patients may exhibit evidence of osteolysis during long-term followup [11, 25, 40, 43, 45] . Osteolysis occurs through a complex mechanism involving inflammatory cascades and activation of the osteoclastogenic signaling pathways resulting from the presence of wear particles created by the bearing surface of the hip articulation [1] . Recent studies suggest an increased incidence of osteolysis as wear rates increase [10, 12] . This poses a major problem for young patients with advanced arthritis because they are likely to both be more active, which may increase wear, and require a longer lifespan of their prostheses. Patients with higher activity levels reportedly have larger osteolytic lesions, and it is the larger lesions that were more likely to progress in size [23] .
Highly crosslinked polyethylene (HXLPE) liners substantially reduce overall wear and wear rates [9, 20, 41, 42] , however, as a result of the complexity of the mechanism of osteolysis, there is concern that the smaller wear particles that are released from HXLPE may be more biologically active [9, 13, 15, 20, 41] . Although low wear is desirable, minimizing osteolysis and preventing aseptic loosening are the ultimate goals of improved bearing surfaces. Other studies using CT imaging have compared femoral head penetration and the presence of osteolysis in moderately or highly crosslinked liners with conventional liners; however, these studies have limited external validity as a result of the use of lateralizing liners that could increase wear rates [14, 31] . Also, they have been performed with slightly older patient populations [31] , have shorter followups [6, 8] , or do not have a strict definition of osteolysis that accounts for preoperative cystic changes that can have the appearance of osteolysis on CT scan. Several studies have demonstrated the inferior ability to assess osteolytic lesions on plain radiographs as compared with CT scans [4, 31, 39, 46, 47] .
The primary goal of this study was to compare the incidence of osteolysis between young (age younger than 55 years) patients undergoing primary THA with HXLPE and conventional polyethylene. In doing so, we also evaluated the ability to detect and determine the size of osteolytic lesions on radiographs compared with CT. Finally, we determined if head penetration, acetabular position, head size, Harris hip score, or UCLA score activity score differed in those which exhibited osteolysis compared with those with no lysis.
Patients and Methods
We retrospectively reviewed 98 patients who underwent uncomplicated primary THA (55 years of age or younger) who were 5 to 10 years postoperative and agreed to study enrollment. Twenty-three (seven in the conventional polyethylene [CPE] groups and 16 in the HXLPE group) of the patients enrolled in this study were part of a randomized controlled trial with patient enrollment from November 5, 1999 , through February 25, 2002 . Surgical procedures were performed at a single, academic institution by two of the senior authors (WJM, JCC). The two surgeons had consistently used conventional liners before the beginning of this randomized study. One surgeon (WJM) used HXLPE liners from August 9, 1999, through February 23, 2004, unless the patient was enrolled in the randomized trial or the patient had a previous contralateral hip arthroplasty with a CPE liner. The other surgeon (JCC) began using HXLPE May 1, 2001, through March 1, 2004, unless patients were enrolled in the randomized trial or if they had previous contralateral hip arthroplasty using a CPE liner. A retrospective review of all clinical data and radiographic interpretation of polyethylene wear and osteolysis was performed independent of the treating surgeons. CT scans were performed and evaluated as described subsequently. Patients ranged in age from 25 to 55 years with an average of 44.6 years. The average age of the patients in the conventional cohort was 43.2 years (SD, 7.8 years), which was not statistically different from the mean age in the HXLPE group (46.5 ± 7.2 years). The average followup in the conventional polyethylene group was greater (p \ 0.05) that that in the highly crosslinked group: 8.29 ± 1.5 years versus 6.02 ± 0.9 years, respectively. The number of males and females in each group was not statistically different ( Table 1 ). All patients who agreed to participate were consented before enrollment per the Institutional Review Board-approved protocol.
Preoperative demographic data, including age, gender, height, weight, diagnoses, laterality, and ipsilateral prior surgical procedures, were recorded. Clinical outcomes were measured including the Harris hip score [19] and UCLA [3] activity scores. Activity scores were measured by the patient both preoperatively and at most recent followup.
Six hundred sixty-one THAs with CPE liners (Zimmer, Inc, Warsaw, IN) were performed between July 1996 and February 2002 at our institution with 185 patients meeting the age criteria. Of these patients, 50 agreed to undergo CT THAs were performed at our institution in which highly crosslinked Longevity polyethylene liners (Zimmer, Inc) were implanted. One hundred thirty patients met the age criteria and 48 patients agreed to have CT scans performed. Both surgeons (WJM, JCC) used a posterior approach to the hip. Trilogy (Zimmer, Inc) acetabular components were used with a 22-, 26-, or 28-mm cobalt chrome femoral head and a variety of femoral stems, neck lengths, and offsets. Conventional liners were machined from compression molded sheets of GUR 1050 UHMWPE sterilized by gamma irradiation (25-40 kGy) in a nitrogen atmosphere. Longevity liners were crosslinked using 100 kGy and then remelted at 150°C to eliminate free radicals [18, 21] . Head size was dictated by the size of the acetabular component; however, during the study period, larger heads were more stable, explaining the use of smaller head sizes earlier in the study period. Postoperatively patients were followed at 8 weeks, 6 months, 1 year, and then 5 years from surgery. At routine followup examinations, AP pelvis, AP hip, and crosstable lateral radiographs were obtained beginning in 2001. Before this, only AP pelvis radiographs were obtained at routine followup. Posterior hip precautions were used in all patients for a period of 3 months.
The postoperative AP pelvis radiograph taken at 6 weeks and the AP radiograph taken at the time of CT scan examination were used to determine head penetration using the HipAnalysis Suite (Martell Hip Analysis Suite, Version 8.0.1.7; Chicago, IL) software developed by Dr. Martell at the University of Chicago [33] . Nondigital radiographs obtained at our institution before 2001 were converted to a digital format using a commercially available radiographic scanner and imaging software. The surgeon using the HipAnalysis Suite software (JJZ) was trained and validated in the use and function of the program and not involved in any of the surgical procedures and was blinded to the surgeon, date of surgery, and type of liner. Validation requires satisfactory completion of a training session in which the individual's results are compared with the results of the product developer and must be within a certain amount from the correct value on two separate sessions. As described by Martell and Berdia, calculation of two-dimensional head penetration was performed with this validated [24] computer algorithm for all AP radiographs taken at 6 weeks postoperatively and at the time of CT scan evaluation.
CT scans were performed on a Sensation 16 scanner (Siemens Medical Solutions, Forchheim, Germany). Subjects were placed in a supine position and their pelvis was scanned using a clinic protocol with parameters of 140 kVp, 450 mAs, 0.75 mm 9 16 collimation, 1-second rotation, table feed 6 mm (pitch = 0.5), B50 kernel with extremity window, 400-to 450-mm field of view, and a 0.75-mm reconstruction interval. The CT image data for each subject were saved in the DICOM format and loaded into a standalone workstation for processing.
Three of the authors (RMN, NAM, JJZ) reviewed each CT scan in a blinded fashion evaluating for evidence of lytic lesions regardless of whether it fit our definition for osteolysis ( Fig. 1 ). Any discrepancies in patients believed to have lysis were reviewed by the three authors together to determine if a lesion truly was present. Once these patients were identified, the CTs were reviewed using the following definition of osteolysis: a localized area of bone loss that is expansile, lacks osseous trabeculae, has a sharply demarcated sclerotic border, and has a clear communication to the joint space either adjacent to the acetabular component or surrounding a screw or screw hole [26, 27, 30, 39] . The preoperative or immediate postoperative radiographs of those with lesions that fit the definition of osteolysis were then analyzed. Lesions that appeared to be osteolysis on the CT scan were excluded if there were cystic changes in the area of presumed osteolysis on preoperative or immediate postoperative radiographs (Fig. 2 ). Only those patients with lesions that matched our definition of osteolysis and had preoperative radiographs with good trabecular bone in the area of presumed lysis were identified as having osteolysis (Fig. 3 ).
The cases identified as having osteolysis were randomized and the lytic lesion volumes were measured by a blinded observer (KES) with 16 years of medical CT image processing experience. Lesions were segmented (isolated) along sclerotic borders using a semiautomated edge strength-based region growing technique. In areas of high noise or low contrast, manual tracing was used, as necessary, to complete or close the boundary. Segmentation and volume calculations were performed using Analyze software (Version 8.1; Biomedical Imaging Resource, Rochester, MN) ( Fig. 4 ). The analysis was then reviewed by two of the authors by comparing the CT scans with and without volumetric fill to assess completeness of volume measurements.
We compared femoral head size, acetabular anteversion and inclination, Harris hip score, and UCLA score between the patients with lysis and those with no lysis using chi square analyses for categorical variables and using unpaired t-tests for continuous variables. Similar analyses were also used to compare HXLPE and conventional liners. Ranktransformed data were used to compare head penetration and head penetration rate between those with lysis and those without. Analysis of covariance was used with length of followup as a covariate to correct for followup differences between the two groups. The associations between femoral head penetration and various parameters were performed using Spearman correlations. These rank correlation coefficients are denoted by the Greek letter rho (q). Post hoc power analyses were performed for results that did not reach statistical significance. Statistical analyses were performed with SAS software, Version 9.2 of the SAS System for Linux (SAS Institute Inc, Cary, NC).
Results
Twelve of 50 (24%) hips with CPE liners had CT evidence of osteolysis, and only one of 48 (2%) patients with HXLPE liners had evidence of osteolysis on CT examination. The average volume of lytic lesion per patient was 5.75 ± 5.66 cm 3 . With only one hip with osteolysis in the highly crosslinked group (volume 1.49 cm 3 ), the average size of lesions between the two cohorts could not be compared statistically (Fig. 5 ). (C) This immediate postoperative radiograph also demonstrates the same lesion, indicating this was a cyst and therefore this case was not considered osteolysis as the cyst has not enlarged. Forty-three hips had radiolucent lesions on CT scans. Of these, 21 fit our definition of osteolysis based on the CT scan alone. After comparing the CT scans with preoperative radiographs, only 13 hips were believed to have true osteolysis. The remaining eight hips had cystic-appearing lesions preoperatively in the area of presumed osteolysis. Of the 13 hips, six had cystic-appearing lesions on preoperative radiographs but not in the area of suspected lysis (Fig. 1 ). There were no hips in which pre-existing cysts expanded indicating osteolysis within a cyst. Only seven of the 13 (54%) patients with lysis seen on CT examination had radiographic evidence of osteolysis. There was no difference (p = 0.63) in the volume of osteolysis on CT scan in those patients with radiographic evidence of lysis compared with those with no evidence of osteolysis on radiographs.
The group with osteolysis had greater head penetration (p = 0.002) and penetration rate (p = 0.013) than those patients without evidence of osteolysis on CT. When correcting for followup difference in the two groups, the group with osteolysis had greater head penetration (p = 0.04) and penetration rate (p = 0.03) than those without lysis ( Table 1) . We found a correlation between femoral head penetration and penetration rate with volume of osteolysis (r 2 = 0.41 and 0.53, respectively); however, this was driven by one patient with extreme wear and massive osteolysis and when excluded, there was little to no correlation (Spearman = 0.19, p = 0.58).
The average head size in those with osteolysis was 26.8 ± 1.0 mm with eight heads (62%) being 26 mm or less. The average head size in those with no osteolysis was 27.5 ± 1.3 mm with 22 (26%) being 26-mm heads or less. The average head size was smaller and the percent of heads less than or equal to 26 mm was greater in the group with osteolysis compared with those with lysis ( Table 2) . We observed a correlation (q = À0.46, p \ 0.001) between head size and head penetration rate with the smaller heads demonstrating greater penetration ( Table 3) .
The acetabular anteversion and inclination were not statistically different in the group demonstrating CT evidence of osteolysis compared with those with no evidence of lysis (p = 0.49 and 0.72, respectively). There was no difference in postoperative Harris hip and UCLA scores in those exhibiting osteolysis and those with no evidence of lysis ( Table 2) . Assuming a two-sided test and an alpha of 0.05, the study had sufficient power to detect a 5°or greater 
Discussion
The goal of alternative bearing surfaces in THA is to reduce the wear to a degree that minimizes osteolysis and prevents aseptic loosening over time. The clinical elimination of both wear and osteolysis could potentially allow indefinite survivorship of THAs, providing an excellent option for young patients with hip disease not amenable to other hip preservation procedures. Several studies have demonstrated improved wear properties with HXLPE liners; however, the goal of this study was to determine whether HXLPE could also reduce the incidence of osteolysis compared with conventional polyethylene in a younger patient population.
Other goals of this study were to determine the effectiveness of radiographs in evaluating the presence of and size of osteolytic lesions. Also, we wanted to determine the effects of wear, acetabular position, head size, and Harris hip and UCLA scores on the presence of lysis.
We acknowledge limitations to our study. First is the lack of randomization. The patient populations are slightly different. Second, the conventional liner group had longer followup and had smaller average head size. We statistically adjusted for the length of followup and found no changes in our results or conclusions. Smaller heads were used along with conventional polyethylene before the availability of HXLPE. Likely, both factors contributed to greater wear and development of lysis. Third, only patients who volunteered for the CT scan were included in the study and might not represent the entire population; however, all patients who fit the inclusion criteria were offered the opportunity to have a CT scan evaluation. Fourth, because lateral radiographs were not part of the standard postoperative protocol at the initiation of this study, we were unable to perform three-dimensional wear analysis. Nonetheless, two-dimensional wear analysis demonstrates good correlation with three-dimensional analysis and may be more reproducible [24, 34] . The HipAnalysis software does not account for pelvic tilt and rotation when calculating the anteversion and coronal inclination, which can introduce some error into these measurements despite our use of strict imaging protocols. Our data in fact document radiographs are not ideal for identifying lytic lesions. The same would hold true for cysts, and because we do not have preoperative CT scans on all patients, there is a possibility that lesions identified as osteolysis could have been present preoperatively as osteoarthritic cysts. We believe using our screening method prevented many false-positive cases of osteolysis; however, because CT scans miss up to 25% of osteolytic lesions [30] , we cannot determine the true incidence of osteolysis.
Osteolysis was identified on CT in 12 of 50 (24%) hips with conventional liners and only one of 48 (2%) hips with HXLPE, representing a 92% reduction in the incidence of osteolysis. This is slightly less than previously reported incidences [31] of osteolysis, which may be a function of the rigorous definition of osteolysis and methodology of filtering out arthritic cysts. Also, we used 10 MRad irradiated HXLPE, whereas other studies evaluating wear and incidence of osteolysis used 5 to 7.5 MRad irradiated HXLPE [18, 38, 39] (Table 4 ). Experimentally, the degree of crosslinking alters the wear profile of the polyethylene, but its effect on osteolysis is still unknown [18] .
Only seven of the 13 hips with osteolysis evident on CT had lesions visualized on radiographs. CT scans and MRIs detect over 80% of clinically relevant osteolytic lesions with MRIs being more sensitive for detecting lesions but less accurate for measuring volume of lytic lesions [47] , which may be more clinically relevant [31] . The sensitivity of plain radiographs in determining the true incidence of osteolysis has yielded poor results [4, 30, 46, 47] . When lytic lesions are evident on radiographs, the size is often underestimated [39] ; however, some authors believe radiographs may be adequate for detection of clinically relevant volumes of lysis [28, 42] . We found no difference in the volume of osteolysis in those patients with radiographic evidence of osteolysis compared with those without lytic lesions on plain radiographs, indicating even large lesions can easily be missed on plain radiographs [39] . This is similar to the results demonstrated in another study, which showed no difference in the volume of lysis when seen on radiographs compared with those seen on CT only [33] . In this study, the average head penetration rate in patients demonstrating osteolysis on CT scan was greater than those with no evidence of osteolysis This is consistent with the results of other studies evaluating the incidence of osteolysis [31, 38, 39] , indicating dose of wear debris most likely plays some role in the osteolysis process (Table 4 ). However, after excluding the patient with massive lysis, we found no correlation between the amount of radiographic head penetration and volume of osteolytic lesions. Previous literature investigating the association between wear and volume of osteolysis has been varied. Puri et al. [39] found no correlation between linear wear rate and volume of osteolysis; however, Leung et al. [31] found larger lesions in the group with the most wear but did not comment specifically on correlation values. The lack of correlation found in this study seems appropriate because osteolysis is multifactorial and lesion size likely depends both on the amount of wear and how vigorous each individual's response is to the particles created.
The group with osteolysis had a smaller average head size than those without lysis. Several studies show smaller heads create more linear wear [32, 37] , which could increase the incidence of lysis. Recent studies, however, have contradicted this thought, demonstrating larger head sizes have increased both linear and volumetric wear [12, 22, 44] . Another study found no difference in linear wear but increased volumetric wear with larger heads; however, this was with HXLPE liners only [29] .
We found no difference in the anteversion or inclination of the acetabulum in those with and without lysis. It is well known that malpositioned components can increase wear [7, 16] ; however, because these groups were similar, it is unlikely that this contributed to the wear or lysis in the two groups. Harris hip scores between the groups with lysis and without lysis were similar. This indicates osteolysis is a silent process that remains asymptomatic until catastrophic failure occurs. This makes it a particularly hard problem to treat as well, because surgeons must convince asymptomatic patients to undergo surgery when they are not having pain.
Longevity HXLPE liners are highly effective at reducing the incidence of osteolysis during 5-to 9-year followup. We also demonstrated radiographs are not sufficient for identifying the incidence of osteolysis. We found no difference in the size of lesions seen on CT and radiographs compared with those only seen on CT scans, which 
